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We examine the influence of crystal growth on the spin-pumping induced inverse spin Hall effect in Fe/Pt
bilayers. The morphology of the Fe/Pt interface influences the effective spin mixing conductance. The increase
of growth temperature leads to smoother and larger grains at the interface that enhance the effective spin
mixing conductance. The spin current injection efficiency into Pt, measured by the inverse spin Hall effect, is
maximized by optimizing the epitaxy of Pt on Fe. In magnetic field dependent measurements, the presence
of a strong magnetic anisotropy gives rise to two distinct inverse spin Hall effect voltage peaks.
Magnon spintronics – an emerging sub-field of spintron-
ics in which magnons, the quasi-particles of the mag-
netization dynamics, are used as information carriers –
has attracted considerable attention in the last years.1,2
A powerful method to detect magnons is the combi-
nation of spin pumping and the inverse spin Hall ef-
fect. The spin-pumping effect allows for the injection
of a spin current from a ferromagnetic (FM) layer into
an attached non-magnetic metal (NM) layer.3 This spin
current is subsequently transformed into a charge cur-
rent by the inverse spin Hall effect (ISHE).1,4 Many
aspects of magnetization dynamics in FM/NM bilay-
ers have been investigated by means of spin pump-
ing and ISHE in various kinds of materials.5 A promi-
nent material combination is Ni80Fe20 (Py) and Pt
bilayers.6,7 In these kind of metallic heterosystems, the
dependencies of the spin-pumping induced ISHE volt-
age on the saturation magnetization and the damping
constant,8 on the geometry6 and on the thicknesses of
the individual layers9 have been investigated. Recently,
it has been shown that the spin-pumping mechanism
is even applicable in insulating FM/NM bilayers like
YIG/Pt (YIG:yttrium iron garnet).2,10–18 Investigations
on standing18 as well as propagating17 magnons in a wide
range of wavelengths15,16 by a combination of spin pump-
ing and ISHE have been performed. Furthermore, the
YIG and Pt thickness dependence on the ISHE-voltage
from spin pumping12–14 and nonlinear spin pumping11
has been observed.
Although spin pumping is an interfacial effect, the
manner in which it, and therefore the ISHE signal
strength, is affected by the structural parameters of the
interface have so far not been investigated in detail. Re-
cently, the role of the cleanliness of the YIG suface,10 and
the crystal perfection of YIG19 in the YIG /Pt system
proved the great importance of the interface properties.
However in metallic systems the study of the influence of
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FIG. 1. (left) Schematic diagram of the sample structure
with the corresponding thicknesses. Ferromagnetic resonance
is excited by a microwave magnetic field induced by a Cu mi-
crostrip antenna and a tunable magnetic external field (Hext)
while a silicon oxide plate isolates the Pt from the Cu an-
tenna. (right) Scheme of the geometry used for FMR and
ISHE measurements.
the growth modes is limited. For example, it is not clear
to what extend the polycrystalline nature and the rough-
ness of Py in metallic billayers influences the observed
SP and ISHE. In this paper, we address the problem of
structural and interfacial quality by using Fe/Pt bilay-
ers epitaxial grown on MgO substrates. We correlate the
morphology of the interface and the presence of strong
anisotropy to the spin-pumping efficiency, and therefore,
on the ISHE signal strength.
Fe (12 nm)/ Pt (10 nm) bilayers were grown on MgO
(100) substrates (Fig. 1) by electron-beam evaporation in
an ultrahigh vacuum (UHV) chamber with a base pres-
sure of 3 × 10−11 mbar, at three different substrate tem-
peratures: room temperature (RT), 150◦C and 300◦C.
After the deposition of Fe/Pt, annealing for 30 minutes
at the corresponding growth temperature was performed.
Fe (12 nm)/Al (2.5 nm) reference films were also fabri-
cated at the same experimental conditions as the Fe/Pt
samples. The Al layer was deposited as a capping layer in
order to form naturally an Al2O3 oxide protective layer.
In Fig. 2 we present in-situ STM images for two samples
grown at different temperatures: RT and 300◦C. The
left panels show the top surface of 12 nm Fe while the
right panels show the surface after 10 nm of Pt growth.
2FIG. 2. (Color online) In-situ STM images for 2 Fe/Pt sam-
ples grown at RT (upper panel) and 300◦C (lower panel). The
left panels show the Fe top surface after the deposition of 12
nm Fe. The right panels show the top Pt surface at the end
of deposition. The color contrast corresponds to the Peak-to-
Valley (P-V) values shown on the right corner of each image.
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FIG. 3. (Color online) Experimental high-angle XRD pat-
terns for two Fe/Pt samples: (bottom) grown at room tem-
perature, and (top) grown at 300◦C. Epitaxy of Fe on MgO
is observed for all samples, while complete coherency of Pt on
Fe is observed for growth above 150◦C. The curves have been
shifted vertically for clarity.
The Fe surfaces show a clear evolution with the growth
temperature. The growth at RT results in the creation
of small crystallites with a narrow size distribution that
can be well fitted with a logarithmic - normal function,
giving an average grain size of 5.94 ± 0.79 nm. As the
growth temperature increases the average grain size be-
come larger being 9.5 ± 0.71 nm for the 150◦C sample
and 14.58± 1.65 nm for 300◦C. The size distribution is
broader, and not any more well fitted by a log-norm func-
tion. Simultaneously, the mean square roughness Rrms
increases from RrmsRT = 0.13 nm for the RT sample to
Rrms150 = 0.17 nm and to R
rms
300 = 0.38 nm for the other
two samples. While the grains themselves are essentially
flat, the grain boundaries are rough leading to height
differences between individual grains. Indeed, one can
observe a dramatic change in the islands’ shape evolving
from small spheres to almost square like crystallites for
the 300◦C samples. The grain size is strongly dependent
on the ratio of the melting temperature of the deposited
material (Telementmelting) to the temperature of the substrate
( Tsubstrate): T
element
melting / Tsubstrate.
20,21 For large values
of the ratio one observes smaller grains with a narrower
size distribution as for the RT sample, while for relatively
smaller values of the ratio, a larger distribution of grain
sizes with large grains as seen for the other two sam-
ples. The Pt evaporation on top of Fe seems to maintain
the samples’ surface characteristics and the differences
between the samples. Slightly larger grain sizes are ob-
served. At the same time, the Rrms roughness is reduced
for the grown at 150◦C sample to Rrms150 = 0.13 nm and for
the 300◦C sample to Rrms300 = 0.23 nm. This is attributed
to the better epitaxial relationship at the Fe/Pt interface
as the X-ray diffraction (XRD) measurements reveal.
In Fig. 3, θ− 2θ high-angle XRD patterns for two Fe/Pt
samples are presented. Epitaxy of Fe on MgO (100) is
observed for all growth temperatures. For the sample
grown at RT the Pt on top of Fe exhibits a preferred
orientation of (111) oriented grains. In contrast, diffrac-
tion peaks of Pt (200) and Pt (400) arise from the Pt top
layer for the sample grown at 300◦C (and at 150◦C, not
shown) parallel to the Fe (200) planes. The growth of the
fcc Pt layer on bcc Fe along the [100] plane direction is
of great interest. This kind of epitaxy can be correlated
to the Bain epitaxial orientation22 when the Pt cell is 45°
rotated with respect to the Fe lattice. XRD pole figures
(not shown here) reveal the complete coherency of Pt on
Fe where four peaks of Pt (220) separated by 90°are ro-
tated from the Fe (110) peaks by 45°. Furthermore, the
pole figures confirm for all samples the 45°in plane epi-
taxial relation (Fe[100] || MgO[110], Fe[110] || MgO[010])
between the substrate and the Fe. The pronounced differ-
ences in the growth modes of the different Fe/Pt bilayers
lead to different magnetic behaviour of the samples, dif-
ferent spin-pumping efficiencies and ISHE strengths, as
it is shown in the next paragraph.
In plane magnetic measurements performed with the
help of the magneto-optical Kerr effect revealed for all
samples the presence of a four-fold in plane magnetic
anisotropy together with a uniaxial magnetic anisotropy
term (UMA). The presence of this UMA reduces the cu-
bic symmetry, making the two in-plane Fe [110] direc-
tions inequivalent.23 FMR and ISHE experiments were
performed with the external magnetic field parallel to
the film plane, in two different directions: ϕ = 0°(Fe
[100] easy axis) and ϕ = 45°(Fe [110] hard axis) (see
Fig. 1). In Fig. 4(a) the frequency dependence of the
3FIG. 4. (Color online) (a) Frequency dependence of the reso-
nant external magnetic field along the Fe [100] easy axis direc-
tion, and along the Fe [110] hard axis direction. Two branches
along [110] are observed due to pronounced anisotropy terms.
(b) Measured voltage at 6.8 GHz along the [110] direction and
(c) measured voltage at 10.5 GHz along [100] direction. The
data refer to the sample grown at 300◦C.
resonant field, measured in two different in plane direc-
tions and with two different setups (FMR, ISHE) are
shown. The presented data refer to the sample grown
at 300◦C. The form of FMR spectra along the easy and
hard axis point confirm the presence of four- and two-
fold anisotropy24,25. The peak positions of the FMR sig-
nal coincide with the ISHE data. The small discrepancy
for low fields can be explained by imperfect azimuthal
alignment. Small variations of the in-plane angle from
the hard axis can cause large shifts of the FMR peak
position.25
In FMR condition a spin current is effectively pumped
from the Fe into the Pt layer. The magnetization dynam-
ics is excited by the microwave magnetic field of a 600 µm
Cu microstrip antenna, and the external magnetic field
is swept. We measure the spin-pumping induced ISHE-
voltage10 that appears across the edges of the Pt layer
perpendicular to the external magnetic field (see Fig. 1
induced electromotive force EISHE). In Fig. 4(b) the
measured voltage (Vmeas) as a function of an external
magnetic field applied in the [110] direction is presented,
measured at 6.8 GHz. With the field reversal a sign
reversal in Vmeas signal is observed at the same abso-
lute field values. The field values where the Vmeas peaks
are measured agree with the FMR resonant positions at
the measured frequency (denoted as horizontal lines in
Fig. 4(a)) and confirm the spin pumping from Fe to Pt
at the FMR frequencies. The reason for the appearance
of two peaks is the alignment of the external field along
the hard axis. Even though the external field H is in-
creased, the intensity of the effective field Heff decreases
as the direction of the magnetization is rotated from the
easy axis to the hard axis. Once Heff is aligned in par-
allel to H, Heff increases. Thus, it is possible to meet
the FMR condition at two different external field val-
ues. Similarly, Fig. 4(c) shows Vmeas with the external
field H aligned along the [100] easy axis measured at a
microwave frequency of 10.5 GHz. Only one peak is ob-
served along the easy direction as it is expected from the
upper branch of the FMR spectrum of Fig. 4(a). In both
Fig. 4(b) and (c) the amplitude and the shape of Vmeas
reveal its dependence on the magnetic anisotropy of the
films. However, as it has been previously discussed,1,7,9
Vmeas is the sum of three contributions: the spin pump-
ing at the FMR frequency, the anisotropic magnetoresis-
tance (AMR) effect at microwave fields, and the anoma-
lous Hall effect (AHE). The possibility to distinguish be-
tween AMR and AHE contributions is given by the dif-
ferent dependencies of the effects with respect to the an-
gle θ between the microwave antenna and the external
magnetic field VAMR ∝ cos(2θ)cos(θ), VAHE ∝ cos(θ).
26
Due to the strong anisotropy present in our samples, that
renders the angular dependencies of VAMR and VAHE
even more complicated, and due to limitations of our ex-
perimental setup to perform measurements with respect
to θ another approach has been chosen to evaluated the
data. This is based on the different signal forms of sym-
metric and antisymmetric components of Vmeas as it is
shown in Fig. 5(a). The ISHE voltage (VISHE) at the
FMR frequency obeys a Lorentz shape curve that can
be decomposed into a symmetric and an antisymmet-
ric part.8 The physical origin of the symmetric part is
the ISHE itself together with contributions from AMR
and AHE, while the antisymmetric part has only contri-
butions from the AMR and AHE. The Vmeas(H) curve
can be considered as a function that is formed by sym-
metric V Sym(H) and antisymmetric V ASym(H) parts,
where V Sym(H) = VISHE(H)+V
Sym
AMR(H)+V
Sym
AHE(H) and
V ASym(H) = V ASymAMR (H) + V
ASym
AHE (H).
The red lines in Fig. 4(b) and (c) and in Fig. 5(a) su-
perimposed on the experimental black open circles data
points are a result of a fit containing both symmetric
and antisymmetric parts.27 In order to separate the sym-
metric ISHE contribution from the overlapping symmet-
ric AMR and AHE signals we have fabricated reference
Fe/Al2O3 samples. By measuring the reference samples,
where no VISHE is expected, we could calculate the sym-
4metric parameter ratio Aref by fitting the spectra of the
Fe reference samples with the symmetric and antisym-
metric parts, Eq. (1):
Aref = (V SymAMR + V
Sym
AHE)/(V
ASym
AMR + V
ASym
AHE ) (1)
The antisymmetric contributions on Vmeas of the Fe/Pt
samples can be fitted to the measured curve Fig. 4(b, c)
and separated from the symmetric contribution. Assum-
ing that the asymmetric part of the reference samples
is the same as that of the Fe/Pt samples, we can esti-
mate VISHE with the help of Eq. (1) by subtracting the
symmetric part from the reference samples:
VISHE = V
Sym
Fe/Pt− (V
Sym
AMR+V
Sym
AHE) = V
Sym
Fe/Pt−A
ref ·V ASymFe/Pt
(2)
Fig. 5(b, c) summarizes data referring to the outer
(higher magnetic field) peak of ISHE signal along the
hard direction. In Fig. 5(b) the ISHE current, IISHE =
VISHE/R, increases linearly with deposition temperature.
Alongside the material parameters, VISHE depends also
on the absorbed microwave power at FMR frequency. To
be able to compare the capability of different samples to
convert an amount of absorbed energy via spin pump-
ing into a DC current, we define the inverse spin Hall
efficiency as: ǫ = IISHE / PAbs, where PAbs is the mea-
sured absorbed microwave power via the FMR mecha-
nism. Fig. 5(c) shows that the efficiency rises with de-
position temperature that provides smoother and larger
grains at the interface and better quality of epitaxial sam-
ples.
Furthermore, with the help of the reference samples, we
have calculated the characteristic parameter of SP, the ef-
fective spin mixing conductance g↑↓28 for the Fe/Pt sam-
ples. g↑↓ is a quantifier of the efficiency of spin pumping
since it describes the transfer of angular momentum at
the interface to Pt. g↑↓ has been evaluated from FMR
measurements from the linewidth ∆H of the FMR res-
onance that depends linearly on the microwave angular
frequency. From the linear fit we have calculated the
corresponding Gilbert damping parameter α for both
reference Fe/Al2O3 and Fe/Pt samples that we plot in
Fig. 5(d). g↑↓ is then given by:7,10,28
g↑↓ =
4πMFes tFe
gµB
∆α (3)
where ∆α = αFe/Pt− αFe/Al2O3 is the additional Gilbert
damping constant due to the spin pumping. Eq. 3 gives
g↑↓ values that are increasing with the growth tempera-
ture and the crystalline quality of the samples. In par-
ticular, g↑↓RT = (2.04 ± 0.82)· 10
19 m−2, g↑↓150◦C = (2.26 ±
0.20)· 1019 m−2, and g↑↓300◦C = (2.99±1.01)· 10
19 m−2 for
the samples grown at RT, 150◦C, and 300◦C respectively.
The obtained values are close to the ones observed in
Py/Pt7,9, g↑↓ = (2.1 − 2.4)· 1019m−2 and one order of
( a ) ( b )
( c ) ( d )
FIG. 5. (Color online): (a) Output measured voltage form.
The points refer to measured data, the red line is a fitting
curve of Vmeas(H), the green and light blue lines are the sym-
metric and antisymmetric components obtained from the fit-
ting, (b) ISHE current and (c) ISHE efficiency with respect
to the growth temperature of Fe/Pt bilayers, (d) difference
in Gilbert damping constant for Fe reference and Fe/Pt sam-
ples. The data refer to the outer peak of ISHE voltage that
corresponds to the saturated state along the hard direction
(Fig. 4(b)), and were taken for an applied microwave power
of 250 mW.
magnitude higher than in a single crystalline YIG sur-
face in the YIG/Pt system19 (reported values for YIG/Pt
system though strongly vary in literature between 1016
m−2 and 1020 m−2).10
In summary, by controlling the epitaxial relationship and
the interface morphology in Fe/Pt bilayers we were able
to optimize the spin-pumping driven ISHE voltage. By
increasing the growth temperature we have achieved epi-
taxy of Pt on Fe that led to an increase of ISHE current
and ISHE efficiency. The spin-pumping induced ISHE
voltage shows two distinct ISHE-voltage peaks along the
hard magnetization axis revealing its strong dependence
on the magnetic anisotropies. The manipulation of the
magnon-to-charge current conversion with the crystal
symmetry paves the way for further developments of the
ISHE and its applications.
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